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Helical magnetism in Sr-doped CaMn;O, films
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Noncollinear magnetism can play an important role in multiferroic materials but is relatively understudied in
oxide heterostructures compared to their bulk counterparts. Using variable temperature magnetometry and neu-
tron diffraction, we demonstrate the presence of helical magnetic ordering in CaMn;0, and Ca;_,Sr,Mn;0,,
(for x up to 0.51) thin films. Consistent with bulk Ca;_,Sr,Mn;0,, the net magnetization increases with Sr
doping. Neutron diffraction confirms that the helical magnetic structure remains incommensurate at all values
of x, while the fundamental magnetic wavevector increases upon Sr substitution. This result demonstrates a
chemical-based approach for tuning helical magnetism in quadruple perovskite films and enables future studies
of strain and interfacial effects on helimagnetism in oxide heterostructures.
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I. INTRODUCTION

In magnetic oxide films, a variety of features can be
employed such as epitaxial strain, interfacial electronic/orbital
reconstructions, dimensionality, and local structural coupling
that give rise to ordered spin orientations that are distinct from
their bulk counterparts [1,2]. While much work has focused
on ferromagnetic and antiferromagnetic systems, noncollinear
magnetic structures, such as periodic spin helices, in ox-
ide heterostructures remains relatively unexplored. There is
growing interest in noncollinear magnetic states stabilized by
spin orbit coupling, local inversion symmetry breaking, and/or
competing exchange energies, such as helices and skyrmions,
which may enable new multiferroics or low-power spintronics
[3]. The majority of recent progress in noncollinear spin
textures has come in the form of metallic films, with far fewer
studies of helical magnetism within oxide heterostructures
[4-6]. Having been recently synthesized in thin film form,
the quadruple perovskite CaMn;O;, is a potential system
for studying the effects of biaxial strain, finite thickness,
and interfacial coupling—scientific directions only accessi-
ble in thin films—on noncollinear magnetism in oxide het-
erostructures. However, the magnetic properties of epitaxial
CaMn;O; films have yet to be reported.

The quadruple perovskite manganite has garnered grow-
ing attention in recent years due to complex physics and
numerous ordered states, making it a material of interest for
multiferroic behavior [7-20]. Bulk CaMn;0;, exhibits four
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distinct phase transitions: a commensurate charge-ordering
and structural transition [8,21], an orbital ordering transition
[14,22,23], a simultaneous helical magnetic/ferroelectric tran-
sition (7n;) and a second magnetic transition that modifies
the helical magnetic state (Tnz) [9,12,13]. CaMn;0y; is a
quadruple perovskite with the AA%B4O, stoichiometry, such
that the A sites are occupied by Ca®* ions and the A’ and
B sites are occupied by Mn ions. The A’-site Mn cations
have a nominal oxidation state of 3+ at all temperatures
and the B-site Mn ions have a nominal valence of 3.254
in the high temperature phase. The high temperature (>440
K) structure of CaMn;Oy; is cubic, space group Im3, with
a lattice parameter of 7.38162(1) A [24]. Below ~440 K,
the compound undergoes concurrent structural and electronic
transitions, resulting in charge ordering of the B-site Mn ions
with a 3:1 occupation of Mn** and Mn**, respectively, as
evidenced by powder diffraction [8,21]. The unit cell contracts
along the body diagonal and the crystal structure becomes
rhombohedral (space group R3) with lattice parameters of
an = by, = 10.45891(2) A, ¢, = 6.34262(1) A and interaxial
lattice angles of o =90°, 8 =90°, and y = 120° in the
hexagonal setting [24]. Below ~250 K, CaMn;O,, orbitally
orders with an incommensurate propagation vector ks of

length |Q| =~ 2.06 AT (defined outside of the first Brillouin
zone), parallel to the hexagonal ¢ axis or equivalently to the
pseudocubic (pc) [111], direction, which corresponds to the
alternating occupation of the d3,>_,> and the d3,>_,> electronic
orbitals on the B-site Mn>* ions [14]. In addition to the charge
and orbital ordering transitions, CaMn;O;, also magnetically
orders in an incommensurate helical structure at 90 K (7ny),

with a propagation vector ky of length |Q| ~ 1.03 A" also
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parallel to the [111],. direction, which induces an electric
polarization aligned parallel to ko. In this phase, the coupling
between the orbital and magnetic orders is commensurate,
such that k; = 2ky. This magneto-orbital coupling also gives
rise to a 3kp component of the magnetic helix, which describes
a higher-order modulation in the helicity, i.e., due to the
orbital order there exists periodic changes to the spin angles
between adjacent Mn-containing planes. Below 48 K (Tn»),
CaMn;01, undergoes a second magnetic phase transition at
which the orbital and magnetic propagation vectors become
unlocked, but the modulation of the magnetic helicity persists
via incommensurate magneto-orbital coupling, resulting in a
series of additional magnetic diffraction peaks corresponding
to Fourier components of the modulated helix [18].

In this paper, we focus on understanding the nature of the
magnetic ground state in Ca;_, Sr,Mn70; thin films probed
using neutron diffraction and magnetometry. Although the
ordered magnetic structure was previously determined for
CaMn;0O, and StMn;O,, by neutron diffraction [25], and
magnetometry from lightly doped (x < 0.2) polycrystalline
Ca;_,Sr;Mn;0, has been measured [26], detailed magnetic
characterization of quaternary Ca;_,Sr,Mn;O,; has not been
reported, and questions remain related to thin films of these
materials. Do thin films of quadruple perovskites also exhibit
helical magnetism and how are the magnetic properties altered
due to the chemical pressure with isoelectronic Sr doping?
Even in strain-relaxed films, it is not clear a priori if a
modulated spin helix will persist unperturbed, due to the pres-
ence of the film/substrate interface, defects that arises from
strain relaxation, and the increased importance of the surface
compared to bulk crystals. For example, the spin structure
of BiFeOj3 has been shown to differ from bulk materials in
strain-relaxed films [5,6,27,28]. We previously reported the
electronic properties of Ca;_,Sr,Mn;0, thin films and found
that the charge-ordering transition can be tuned by 40 K in
Sr-alloyed solid solution films with x = 0.6 [29]. Here we
show that the films exhibit a very similar helical ground state
as bulk CaMn;0O, and that the substitution of Sr leads to a
systematic increase in the helical magnetic wavevector. As
Sr and Ca are isovalent, the change in magnetic behavior is
ascribed to the Sr-induced lattice expansion.

II. EXPERIMENTAL TECHNIQUES

Ca;_,Sr,Mn;O, thin films were synthesized using oxide
molecular beam epitaxy followed by ex situ post-growth
anneal to fully oxidize the films. The films, ranging from
100 to 130 nm in thickness, were deposited on 1 x 1cm?
SrLaAlO4 (SLAO) (001) substrates. Our recent papers re-
port on the growth conditions and transport data of simi-
lar Ca;_,Sr,Mn;0, films [29,30], although those reported
in Ref. [29] were deposited on (La, Sr)(Al, Ta)O; (LSAT)
substrates. The films for the present study were synthesized
at a growth temperature of 650 °C and pressure of 2 x 107°
mm Hg in O,. Following growth, the samples were oxidized
ex situ in a tube furnace using a two-step anneal: first heated
at 850 °C with flowing O, for 3 h, then cooled to 200 °C

for 1 h under an ozone atmosphere (95:5) O, : O3 mixture to
achieve oxidized films [29,30].

Each sample was characterized by x-ray diffraction (XRD),
Raman spectroscopy, superconducting quantum interference
device (SQUID) magnetometery, and neutron diffraction mea-
surements. The cation stoichiometry [Mn:(Ca+Sr) ratio] was
determined by Rutherford backscattering spectrometry on
films grown on MgO (001) substrates that were positioned
directly adjacent to films grown on SLAO substrates. XRD
was carried out using a four-circle high resolution x-ray
diffractometer (X’Pert Pro, Panalytical [31]) (CuKe; radi-
ation) at room temperature. Reciprocal space maps (RSMs)
of the 103, film peaks were measured to determine the
in-plane lattice parameter. Additionally, a Rigaku SmartLab
diffractometer [31], fitted with a Cu x-ray source, was used
to analyze rhombohedral domains of the CaMn;0; thin film.
A Renishaw 1000 confocal Raman microscope was used to
measure Raman spectra in back scattering configuration [31].
Each spectrum is a sum average of ten individual spectra taken
at different places on the sample through a 20 x objective. The
wavelength of the Raman laser used in these measurements
was 532 nm. Magnetization measurements were carried out
using a SQUID magnetometer (Quantum Design, MPMS3
[31]), for which the Sr-containing samples and one of the
ternary CaMn;O, films were cleaved into 5 x 5mm? sam-
ples after the neutron diffraction data were collected. The
magnetization as a function of temperature (M vs T) curves
were measured after field cooling with a field of uoH =
0.1T. The temperature-dependent magnetization data were
collected at a rate of 6 K/min and recorded from 10 to 300 K
using the sweep mode. Magnetization as a function of field (M
vs H) was measured after zero-field cooling to 10 K. Neutron
diffraction measurements were performed at four beamlines:
WISH at the ISIS Neutron and Muon Source, CORELLI at the
Spallation Neutron Source, and the SPINS and BT-7 instru-
ments at the NIST Center for Neutron Research (NCNR). Po-
larized neutron beam experiments were performed on the BT-
7 triple-axis spectrometer at the NCNR. For the polarization
measurements the neutron energy (14.7 meV) was selected
with a pyrolitic graphite monochromator and analyzer, and py-
rolitic graphite filters were utilized to remove contamination
from higher-order wavelengths. Polarization of the neutron
beam was achieved with two He neutron spin filters in p
metal shielded solenoids positioned before and after the sam-
ple [32]. The spin state of the incident and scattered neutrons
(up 1 or down |) was chosen using in situ nuclear magnetic
resonance, resulting in polarization efficiencies exceeding
97%.

We note that throughout the manuscript, we use a pseu-
docubic notation in which directions in real and reciprocal
space are defined within the simple cubic perovskite unit cell,
such that the pseudocubic 111 is equivalent to the 003 of
the CaMn;0;, rhombohedral lattice in the hexagonal setting.
Table S1 gives the relevant reciprocal lattice directions in
the pseudocubic, quadruple perovskite cubic, and quadruple
perovskite hexagonal settings. The transformation matrices to
convert between all three bases are given by Eqgs. (S1)—(S6) in
the supplementary material [33].
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FIG. 1. Effect of Sr doping on the crystal structure of
Ca;_,Sr,Mn;0O,, films synthesized on SrLaAlO,. (a) 26—6 x-ray
diffraction scans of Ca;_,Sr,Mn;O, films displaying the 00/ re-
flections of the pseudocubic structure. The ¢ axis expands with
increasing Sr doping. The data sets are presented in order of Sr
content with the x = 0 data on bottom (black line) and the x = 0.51
data on top (green line). (b) RSMs show the 103 Bragg reflection of
Ca;_,Sr,Mn;O; films, confirming that the in-plane strain is relaxed.
(c) Room temperature Raman spectra of the Ca;_,Sr,Mn;0,, films
exhibits nine active modes. The Raman modes of the substrate are
indicated by the dotted lines.

III. RESULTS AND DISCUSSION
A. Structure

The out-of-plane 26— XRD patterns in Fig. 1(a) show
only 00! reflections from Ca;_,Sr,Mn;0;, and the SLAO
substrate confirming that the films are phase pure with a
[001] growth direction. The peak shifts with increasing Sr
concentration are consistent with a Sr-induced lattice expan-
sion previously observed in Ca;_,Sr,Mn;0j, films grown
on (001)-oriented LSAT [29]. A similar lattice expansion is
observed in bulk SrMn;0O;, compared to CaMn;0, [24—
26,34,35]. Figure 1(b) shows the reciprocal space maps
around the 103 peak of the Ca;_,Sr,Mn;0, films. For all
films, the Q, peak positions are slightly shifted to larger
momentum transfer values than the SLAO substrates. This
observation demonstrates that the Ca;_,Sr,Mn;0, films are
not constrained to match the in-plane lattice of the sub-
strates and are instead strain relaxed due to the lattice mis-
match of approximately ~1.8% (CaMn;01; a,. ~ 3.682 A,
SLAO ap. ~ 3.75 A). To confirm the structural symmetry in
our Ca;_,Sr,Mn;0,2/SLAO heterostructures, micro-Raman
spectroscopy measurements were performed at room tem-
perature. According to group theory analysis, rhombohedral
CaMn;0,, with R3 space group, shows 12 Raman active
modes (6A; + 6E,) [36]. Figure 1(c) shows the room temper-
ature Raman spectra of the Ca;_,Sr,Mn;Oy; films with dif-
ferent Sr-doping concentrations. The observed phonon modes
were assigned in accordance with the reported results on

single crystals of CaMn;0O, [22,36,37] and Ca;_, Sr,Mn;0,
[38]. Based on the symmetry assignment, Raman spectra
in Fig. 1(c) confirmed the presence of six phonon modes
of E, and three phonon modes of A, symmetry, consistent
with the preservation of rhombohedral crystal symmetry in
the Ca;_,Sr,Mn;0;;, thin films. We have also observed an
additional mode at 670 cm ™', indicated by the solid gray line
in Fig. 1(c), in agreement with the reported results on single
crystals of CaMn;0;,, however the reason for the appear-
ance of this new Raman mode is not understood yet [22].
The measured Raman modes are presented in Table S2 in the
supplemental material [33].

Below the cubic to rhombohedral phase transition one
might expect the formation of four rhombohedral domains as
observed in a single crystal of CaMn;0Oj, [39]. Accordingly,
the epitaxial growth of Ca;_,Sr,Mn;0;; on (001) SLAO
substrates allows the formation of four rhombohedral domains
given the fourfold symmetry of the (001) tetragonal substrate.
The four domains correspond to the rhombohedral distortion
of the cubic unit cell along each of the four body diagonals.
Consider the {111} family of pseudocubic reflections parallel
to the body diagonals. In the true rhombohedral symmetry this
family is split, giving a unique [111] direction along which
the unit cell is contracted, and a subfamily of 111, 111, and
111 reflections that remain symmetry equivalent. If all four
domains are present, then one would expect two experimental
signatures in the XRD data. First, the 111 reflections of each
rhombohedral domain will be measured at the same value of
26, but at four different orientations of the film related by
the same fourfold symmetry that interchanges the domains.
Second, in the vicinity of a given 111 reflection, there will
occur additional diffraction intensity from the 111, 111, and
111 reflections of the other three domains, respectively. The
domain fractions can then be quantified by comparing the
relative intensities of the four reflections measured at all four
positions. In the following characterization of a CaMn701,
film we choose to study the {222} family as opposed to the
{111} family, as they afford us a more convenient scattering
geometry. However, the above arguments still apply. The film
was first aligned so that the 222 reflection of a given domain
was in the scattering condition, which is inclined at ~35° from
the surface of the film. A line scan through a RSM taken at
this reflection, Figs. 2(d) and 2(e), shows an asymmetric peak
shape indicative of two separate reflections that are not fully
resolved. In Fig. 2(e) the smaller peak at larger |Q| corresponds
to that of the 222 reflection and the larger peak at smaller |Q|
corresponds to the 222, 222, and 222 reflections. The angu-
lar separation between the two peaks was fitted to be 0.94(1)°,
which is 0.1° smaller than that calculated using the bulk lattice
parameters reported in Ref. [24]. Hence the rhombohedral
distortion observed from the films is smaller than that of the
CaMn; 0Oy, single crystals. Furthermore, the relative intensity
of the two peaks was determined to be of the 1:3 ratio. The
analysis was repeated for a series of 90° rotations about the
surface normal and returned the same 1:3 ratio, thus, the film
is composed of equal populations of all four domains. Further-
more, the film was checked for reverse rhombohedral twins,
but only obverse rhombohedral reflections were observed.
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FIG. 2. (a) — (d) Normalized reciprocal space maps about
the 222 reflection for each of the four rhombohedral domains
within the undoped CaMn; Oy, film. (e) Fitted line scan taken through
(d). The raw data is given by the black circles, the total fitted data by
the red line, the polynomial background by the green line and the two
diffraction peaks by the blue lines.

B. Magnetic Properties

Temperature dependent magnetometry was performed to
determine how the change of lattice volume induced by Sr
doping alters the magnetization and magnetic transition tem-
peratures. In Fig. 3(a), the magnetization (M) measurements
with an applied field of ugH = 0.1 T clearly show the second
magnetic phase transition in this series of films at Ty, ~ 50K,
and an enhancement in the ground state magnetic susceptibil-
ity is observed upon increasing the Sr-doping concentration.
The Ty, value is found to increase from 48 K, for ternary
CaMn;0y;, to approximately 58 K for the x = 0.51 sample,
as determined by linear extrapolation of M as a function of
temperature. Furthermore, a subtle change in the temperature
dependence of M near ~90 K is present, which suggests a
magnetic transition at Ty;. Figure 3(b) shows M vs H data
for the series of samples at 10 K. The Ca;_, Sr,Mn70, films
display similar hysteresis loops with weak ferromagnetic-like
behavior and a trend of M; increasing with increasing Sr
concentration. The saturation magnetization values are small,
suggesting that the magnetization arises from canted mo-
ments; however, it is also possible that rhombohedral domain
boundaries, the surface, or film/substrate interface effects also
contribute to the magnetization. These results are consistent
with bulk CaMn;0, and SrMn;O;,, where Tn», has been
reported near 48 and 63 K in the respective compounds [25]
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FIG. 3. (a) Temperature dependence of magnetization measured
with puoH = 0.1T applied parallel to the film surface of the
Ca;_,Sr,Mn;0,, films. Magnetization data in (a) were obtained
upon warming after field-cooling in 0.1 T. The vertical dotted lines
show the Ty, values reported for bulk CaMn;0;, and StMn;0, in
Ref. [25], for comparison. (b) Magnetization as a function of applied
field at 10 K.

and have shown enhancement of the net magnetization under
applied magnetic fields by increasing the Sr doping [26].
Neutron diffraction was used to confirm the presence of he-
lical magnetic ordering in the Ca;_, Sr,Mn;O; thin films. We
begin by presenting data on the parent compound, CaMn;01;
thin film. We note that the implication of four rhombohedral
domains in these films is that only ~1/4 of the film contributes
to the scattered intensity of a given magnetic peak, and thus
all magnetic intensities are relatively weak compared with
structural Bragg peaks that have unresolved contributions
from all four rhombohedral domains. Importantly, the mag-
netic propagation vectors can be uniquely identified in the
presence of domains. Figure 4 shows the neutron diffraction
data measured on the CaMn;O,, film at temperatures of 2,

65, and 100 K along the [111] direction. Three temperature-
independent reflections were observed above |Q| = 2.5 10\_1;

two of these reflections come from the Al sample mount and
the third is that of the 111 CaMn;O, nuclear peak. At 100 K,
no magnetic satellite peaks were observed, consistent with
the paramagnetic phase of CaMn;0,. At 65 K (Tno < T <
Tx1), a single magnetic reflection was measured at |Q] =

1.93(1) Ail, corresponding to the magnetic satellite at k1, —ko
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FIG. 4. Neutron diffraction data along the pseudocubic [111] di-
rection obtained from the CaMn; 0O, film using the WISH instrument
at sample temperatures of 100, 65, and 2 K. The raw data minus the
background are given by the red circles and the fitted peaks are given
by the solid black line. The magnetic satellite peaks are labeled as in
Ref. [18]. The inset of (a) shows a schematic of the scattering vector
with respect to the thin film geometry, while |Qyo| is defined in (b).

arising from the incommensurate helical magnetic order [18].

We denote the length of the ky wavevector in A_l as |Qxol,
as shown in Fig. 4(b); the length of &y in reciprocal lattice
units is 1.12 with respect to the ¢ axis of the hexagonal unit
cell as described in the supplemental material. Below Ty at
2 K, four magnetic peaks are present, corresponding to two
ko and two kj_ satellite reflections, as labeled in Fig. 4(c) and
defined by ki = k; — ko. With increasing |Q|, the first four
reflections in Fig. 4(c) correspond to ki_, kg, k111 — ko and
k111 — k1—. The satellite k| _ peaks arise from the higher-order
modulation of the magnetic helicity. The presence of these
satellite peaks therefore is also indicative of the presence of
orbital order within the films, similar to bulk. Following the
same analysis from Ref. [18], the measured magnetic and
nuclear peaks can be modeled to obtain the hexagonal c-
axis parameter, the magnetic wavevector (kg), and the orbital
ordering wavevector (ks) in both magnetically ordered phases.
The calculated values are in good agreement with bulk single
crystals, as detailed in supplemental Table S3.

We have also performed polarized neutron diffraction mea-
surements from the CaMn;Oj, film at the BT-7 triple-axis
diffractometer at a base temperature of 3 K. The neutron beam
polarization was first aligned parallel to the scattering vector

of the ko peak at |Q] ~ 1.85 10\71, and all four spin cross
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FIG. 5. Neutron diffraction temperature maps for (a) CaMn;0,
and (b) Cag7sSr92,Mn;0;,. Adjacent plots to the right show the
intensity as a function of |Q| at individual temperatures. In all plots,
the |Q| vector is along the [111] direction. Error bars indicate the
square root of the number of counts.

sections were measured. In this configuration [40,41], the
nonspin flip scattering (11 and | | ) is structural in origin and
the spin flip scattering (1} and | 1) is magnetic. The nonspin
flip scattering is negligible, confirming that the k¢ reflection is
entirely magnetic with no structural contribution, as expected.
The neutron polarization was next aligned perpendicular to
the scattering vector to isolate the vector components of the
moments. In this configuration in the absence of structural
scattering [40,41], the nonspin flip scattering originates from
the magnetization parallel to the neutron beam polarization
axis, and the spin-flip scattering comes from the magneti-
zation perpendicular to both the polarization axis and the
scattering vector Q. As shown in Fig. S3, the intensities of
the spin-flip and nonspin-flip peaks are approximately equal,
indicating that the magnetization components parallel and
perpendicular to the polarization axis are equal as expected
of a helical spin structure.

Having established the presence of helical ordering within
the CaMn;0;, film, we next turn to the influence of Sr
substitution. In the following, the k) magnetic peak near

Q| ~ 1.85 A" was also measured using neutron diffraction
from the series of films with x ranging from O to 0.51. Figure
5 presents neutron diffraction data measured on the SPINS
triple-axis diffractometer from the undoped CaMn;01;, (x =
0) and Sr-doped (x = 0.22) films. The diffraction temperature
maps in Fig. 5(a) show that below the magnetic transition
temperatures, a clear peak is observed that corresponds to

the ko peak at |Q| ~ 1.85 10\71 in Fig. 4. Similar results are
obtained from the x = 0.22 sample, as shown in Fig. 5(b),

albeit with a slight shift in the |Q| vector from ~1.852 A

to ~1.841 10\71 for x =0 and x = 0.22, respectively, at low
temperatures. Furthermore, on warming the x = 0.22 sample
from low temperatures, the intensity of the magnetic reflection
decreases and the position of the magnetic peak moves toward
larger |Q| until Ty, (~50 K). The magnetic peak for this
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FIG. 6. The length of the ky wavevector as a function of (a)
temperature and (b) Sr concentration at the lowest temperatures
measured. The two x = 0 data points were obtained at 2 K with
the WISH diffractometer (open circle) and 6 K with the SPINS
instrument (closed circle) from different CaMn;0;, samples. The
x = 0.51 sample was measured at 6 K and the x = 0.22 sample
was measured at 10 K. Data from bulk CaMn,0O;, and SrMn,O,
measured at 1.5 K is represented by open squares; this data comes
from Ref. [25]. Error bars represent 1 standard deviation.

sample does not move its position from 50 to 60 K. Above
90 K, the magnetic peak is no longer present. Similar trends
were observed in data collected from the x = 0.51 sample, as
shown in Figs. S2 in the supplemental material.

Figure 6(a) shows |Qyo| plotted as a function of temper-
ature for three compositions. All three compositions exhibit
an abrupt shift of |Qyo| to larger values as the temperature is
decreased below ~50 K, consistent with a second magnetic
transition at Tyn;. The effect of Sr substitution can be seen
in Fig. 6(b) in which the length of the fundamental magnetic
propagation vector, kg, at low temperatures (2—10 K) is plotted
as a function of Sr concentration. We find that increasing Sr
concentration shifts the length of this vector to larger values,
which is consistent with the trend from Ca/Sr parent end mem-

bers in bulk [25]. The length of ky ranges from ~1.12 A71

(x =0.51) to =1.108 A_l (x = 0), revealing an increase of
~ 1%. Note that for the data represented by closed symbols
in Fig. 6(b), |Qxo| was calculated using the low temperature
ko position and the room temperature pseudocubic lattice
parameters. This may lead to a slight underestimation of |Qyo|.

These results provide insight into how the magnetic order-
ing evolves upon A-site substitution between the CaMn;01,
and SrMn;O;, parent compounds. While it was previously
known that the ko vector is ~3% larger in StMn;O, than in
CaMn; Oy, [25], the data shown in Fig. 6(b) demonstrates that
the magnetic wavevector smoothly expands as x is increased
in Ca;_,Sr,Mn;0,. The increase in wavevector indicates
that the Sr-induced lattice expansion modifies the exchange
interactions by either increasing the Mn-O bond lengths or
the Mn-O-Mn bond angles, both of which are known to di-
rectly alter exchange energies in ferromagnetic and antiferro-
magnetic perovskite manganites [42,43]. Previous theoretical
work on CaMn;O, has revealed seven exchange pathways
that contribute to the helical state [15—17]. Thus, identifying
which interactions are most sensitive to the lattice expansion
is beyond the scope of this experimental study and warrants
future theoretical investigation. Additionally, A-site cation
disorder, present in the quaternary alloys due to the random
site substitutions of Ca and Sr, does not suppress the magnetic
transition temperatures or alter the magnetic structure. We

note that in quaternary perovskite manganites, A-site disorder
and cation size variance can significantly decrease ordering
temperatures [44]. Our results suggest that quadruple man-
ganites may be more robust against cation disorder, and thus
follow Vegard behavior when alloyed, because the nontransi-
tion metal cations (here alkaline earth Sr or Ca) occupy only
1/8 of the total cation sites instead of 1/2 of the cation sites in
conventional perovskite manganites.

The confirmation of modulated helical magnetism in
quadruple manganite films opens the door to future studies of
how strain, thickness, and superlattice formation can be used
to alter or control helimagnetism in oxide heterostructures.
For example, superlattices of CaMn;0;,/StMn;0O;, could
prove an interesting system for exploring how magnetic order-
ing is perturbed at heterohelical interfaces. Further, the ability
to probe complex modulated magnetic structures via neutron
diffraction in epitaxial quadruple perovskites should enable
new measurements within this family of materials as many
such compounds are not yet available as bulk single crystals.

IV. CONCLUSION

We show how substituting Sr into CaMn;Oy;, films af-
fects the magnetic properties by magnetometry and neutron
diffraction. The substitution of Sr for Ca in Ca;_,Sr,Mn;0,
leads to a linear lattice expansion with increasing Sr concen-
tration as expected based on the ionic radii of Ca and Sr.
This structural expansion results in an enhanced saturation
magnetization and an increase in Ty by ~10 K at the x =
0.51 composition compared to the x = 0 parent compound.
Neutron diffraction measurements confirmed the presence
of helical magnetic order in all the Ca;_,Sr,Mn;0,, films
with x = 0 to 0.51, where for all samples the length of the
fundamental magnetic propagation vector, kj, was found to

be approximately 1.08 A" in the first magnetically ordered
phase (Tno < T < Tnp). As observed in bulk single crystals,
higher-order Fourier components of the magnetic structure
were observed below Tyy (~50 K) in the CaMn;0;, film.
These additional peaks are consistent with a modulation of
the helicity of the magnetic structure along its propagation
vector due to incommensurate magneto-orbital coupling. With
increasing Sr content to x = 0.51, the period of the magnetic
helix decreases by ~1%. The ability to tune the magnetic
helix through Sr/Ca substitutions in quadruple perovskite
films should enable future studies of the relationship between
electric polarization and the helical spin structure, as well
as interfacial helical magnetic coupling in CaMn;O1,-related
heterostructures.
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